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If both ferromagnetic electrodes are 100% spin polarized in a tunnel magneto-resistive device, no current will flow in the antiparallel configurations, and the tunnel magnetoresistive ͑TMR͒ becomes theoretically infinite. This is one reason why high polarization materials are desirable. Heusler alloys ͑NiMnSb͒, [1] [2] [3] [5] [6] [7] [8] [9] [10] [11] [12] to be half-metallic: semiconducting or insulating in spin minority and metallic in spin majority. Compelling evidence of high polarization is available only for La 1Ϫx Sr x MnO 3 ͑Ref. 13͒ and CrO 2 ͑Refs. 13 and 14͒ and then only at temperatures in the region of 4 K or less.
The Heusler alloys have been particularly important candidates because they exhibit a much higher ferromagnetic Curie temperature ͑730 K͒ than the other potential halfmetallic materials, but experimental evidence of 100% spin polarization near the Fermi level is sadly absent in NiMnSb. Using Andreev reflection 13 the spin polarization of NiMnSb was measured to be 58Ϯ2.3%, in good agreement with a polarization of about 50% obtained from spin-polarized photoemission. 15 These polarization values are consistent with a small perpendicular magnetoresistance measured for NiMnSb in a spin-valve structure, 16, 17 superconducting tunnel junction, 18 and a tunnel magnetoresistive junction. 19 Very high polarization values were observed ͑near 100% spin asymmetry͒ near the Fermi level using spin-polarized inverse photoemission of NiMnSb, 20 but like similar measurements for La 0.67 Sr 0.33 MnO 3 ͑Ref. 21͒ and CrO 2 , 22 the full Fermi surface was not sampled. 20 Three explanations have been put forward to explain the smaller than expected polarization observed in the abovementioned experiments. First, the gap in the spin minority band structure is smaller than the expected 0.5 eV. 4 Other possibilities are that there is surface segregation 16, 18, 20, 21, 23 or a variety of defects 24 making the surface a different material from the bulk. Indeed the segregation or enrichment of the surface has been shown to reduce the polarization of the surface dramatically. 20 Finally, the half-Heusler alloy NiMnSb may not be half-metallic ferromagnet above 80 K, 25, 27 though this would not explain the measured low polarization and tunnel magnetoresistance below 80 K. A detailed study of the magnetic and transport properties in bulk single crystals has suggested that, while NiMnSb may be a half-metallic ferromagnet at low temperature, there is a crossover or transition to a normal ferromagnet state around Tϭ80 K. 27 Here, we provide direct evidence that the phase transition at about 80 to 100 K is associated with a change in the magnetic moment.
Epitaxial ͑110͒MgO/͑100͒Mo/͑100͒NiMnSb thin films were grown by facing targets sputtering. 28 A 1000 Å Sb capping layer was added to prevent oxidation of the NiMnSb monocrystalline films. Starting with a fully capped layer is important because the surface of NiMnSb͑100͒ is very fragile. 20, 23 After removal the excess Sb, the stoichiometric surface is prepared 20 and the LEED pattern as well as x-ray diffraction is consistent with the 5.9 Å ͑here 6.0Ϯ0.1 Å͒ lattice constant of NiMnSb. The surface composition, determined by angle-resolved XPS, was representative of the stoichiometric alloy and the surface was found to be terminated in MnSb. 20, 23 The spin-polarized inverse photoemission ͑SPIPES͒ experiments were undertaken as described elsewhere. 20 The x-ray absorption ͑XAS͒ and magnetic circular dichroism ͑MCD͒ spectra were recorded by monitoring the sample current, which corresponds to measuring the total electron yield, under a 200 Oe magnetic field pulsed along the in-plane ͑100͒ axis. The MCD spectra were recorded by alternating the magnetization direction at each photon energy with a fixed helicity of the incident light. Integrating the MCD signal, we have obtained a quantitative measure of the relative ͑not absolute͒ magnetic moment with spin and orbital contributions. In total electron yield mode, the XAS spectra probes approximately 20 to 200 Å in depth, which is an intermediate length scale between the bulk and the surface boundary. The polarized neutron scattering results used here for comparison was carried out in the presence of a 4.6 T applied field as described in Ref. 26 .
The spin-polarized unoccupied density of states, as well as the spin-integrated unoccupied density of states ͑᭹͒, of the stoichiometric clean NiMnSb͑100͒ surface ͑terminated in MnSb͒ at 293 K, is shown in Fig. 1͑a͒ for the surface Brillouin zone center. The spin-majority states ͑᭡͒, i.e., parallel to applied magnetic field and spin-minority states ͑᭞͒, i.e., antiparallel to the applied magnetic field, in spin-polarized inverse photoemission, are plotted separately. This spinpolarized inverse spectrum of the unoccupied density of states can be compared to the x-ray absorption spectra ͑XAS͒ for Mn 2p ͓Fig. 1͑b͔͒ and for Ni 2p ͓Fig. 1͑c͔͒, due to the fact that both techniques ͑ignoring the core hole in the case of XAS͒ generally probe the same unoccupied states. Tuning the photon energy to the 2p core level threshold, we expect core to bound state excitations to the unoccupied hybridized 3d levels closest to the Fermi level.
For both MCD and XAS spectra, the conduction band edge ͑the approximate Fermi energy͒ for the XAS spectra is assigned on the basis of the experimentally measured core level photoemission binding energies for NiMnSb͑100͒: 640.2 eV for the Mn 2p 3/2 and 853.3 eV for the Ni 2p 3/2 ͑Fig. 1͒. In the XAS spectra, the unoccupied states are shifted to slightly higher energies above E F than in SPIPES, as expected from the perturbation due to the Coulombic interaction of the photoexcited electron with the core hole. Nonetheless, from this comparison, we can make a rough assignment of the unoccupied states in inverse photoemission. Fig.  2͑b͒ . The large polarization asymmetry, and the strong contribution from the Mn spin and orbital moments at remanence, are apparent in the region close to the Fermi level ͑nearly 100% above background for k ʈ ϭ0 and Tϭ300 K͒, as seen in Fig. 2 . The remanent band moment is localized on While polarization at the Brillouin zone center (k ʈ ϭ0) does correspond to long-range magnetic order, it is not clear that the polarization is, in fact, easily related to the magnetic moment for any given system. As the temperature is decreased below 80 K, the MCD exhibits a huge increase in the relative spin and orbital moment, as seen in Fig. 2 and summarized in Fig. 3 . Yet in XAS, the apparent density of states near the Fermi level ͑threshold͒ does not change significantly for Mn or Ni. Therefore, the polarization of NiMnSb͑100͒ close to 100% at an elevated finite temperature ͑300 K here͒, at the Brillouin zone center (k ʈ ϭ0), is not a good indicator of the maximum possible remanent band moment or indeed the total ''integrated'' band polarization in the NiMnSb system. The results, presented here, are clear proof that any angle-resolved spin-polarized photoemission or spinpolarized inverse photoemission measurements, with limited wave vector sampling, cannot be taken as sufficient evidence of half-metallic ferromagnetic character if the sample is crystalline or is polycrystalline with texture growth.
Because magnetic circular dichroism is sensitive to band structure polarization ͑dependent upon symmetry and wave vector͒, the remanent unoccupied band polarization, the magnetocrystalline anisotropy ͑the crystal field͒, 30 ,31 the excitation cross sections ͑particularly in nontransmission absorption geometries͒ and an often undetermined surface contribution, MCD does not accurately probe the saturation local moment of the bulk material. A more accurate measure of the local bulk sample moment can be obtained from neutron scattering ͑though this is a less sensitive measure of the global moment that includes local fluctuations͒. The Fourier transform of the magnetic scattering factor, from neutron scattering, again demonstrates that most of the moment is localized on the Mn sites. 26 The total moment from high field magnetometry ͑at 10 K͒ is 4.025 B , consistent with halfmetallic character ͑we attribute the possible excess moment to altered stoichiometry and/or polarization of the inner core shells͒. From polarized neutron scattering we find the local moment on the Mn at 15 K, 3.79Ϯ0.02 B , falls to 3.55 Ϯ0.02 B at 260 K, while the local moment on the Ni sites changes little, with values varying from 0.18Ϯ0.02 B at 15 K to 0.19Ϯ0.01 B at 260 K. The fact that the local moments change, even under high field conditions, suggests that there is a change in the moment coupling between Mn and Ni at about 80 K. At higher temperatures above 80 to 100 K, the saturation moment is lower than that expected for a halfmetallic ferromagnet.
The observed increase in the local moment, on the Mn in neutron scattering, and band moment on the Mn and Ni atoms in NiMnSb below 80 to 100 K in MCD ͓Figs. 3͑c͒ and 3͑d͔͒ are consistent with the increase in the (d/ 0 ) longitudinal magnetoresistance below 80 K ͓shown in Fig. 3͑a͔͒ , and the increase in the ͗200͘ neutron magnetic scattering factor 26 ͑indicated as in the inset of Fig. 3͒ . The negative value of the longitudinal magnetoresistance indicates that spin disorder contributions dominate above 100 K, when a spin-flip scattering channel is opened. The spin-flip scattering channel cannot be reconciled with half-metallic character. The resistance of NiMnSb with temperature fits a T ͒ but follows a T 2 power law below 80 K, as shown in Fig. 3͑b͒ is also consistent with a crossover in magnetic ordering at 80 to 100 K, though the material remains ferromagnetic. Fitting the MCD L 3 edge data in Fig. 3 to an Arrhenius expression ͑consistent with moment fluctuations͒, indicates that the critical temperature for the classical ferromagnetic to half-metallic ferromagnetic ͑moment ordering͒ phase transition is between 80 to 100 K.
The changes in the magnetic structure factor͑s͒ suggest a loss in the strong local moment ordering and/or alignment of the Ni atoms. The structure factors suggest a subtle rearrangement of the magnetization density between Ni and Mn. The transfer of only a small amount of electron density, say just a few hundredth of an electron to the down-spin subband or from Mn to Ni, may not result in much change in curves fitted to the resistance data are as described in the text.
either the total moment or the Mn saturation moment ͑say by about 0.05 B ͒, but could substantially change the net band polarization near the Fermi level. This effect tends to appear as though there is a failure to completely saturate the magnetization in the MCD measurements, taken at remanence, with increasing temperature. The large change in the MCD signal derived moment compared to the smaller change in neutron scattering moment suggests a large change in the magnetocrystalline anisotropy and band polarization with temperature, though the extremely low effective Debye temperature in the surface region 32 presents a complication to the interpretation of the MCD data that cannot be ignored. Nearest-neighbor moment fluctuations would reconcile the spin-polarized inverse photoemission and the MCD with the neutron scattering as in the spin-polarized inverse photoemission nearest-neighbor interactions would only be observed away from the Brillouin zone center.
While it has been suggested that NiMnSb is a halfmetallic system, 1-3 it is certainly clear, from the data presented here, that NiMnSb is not a half-metallic ferromagnet above the transition at about 80-100 K, though still at temperatures well below the ferromagnetic Curie temperature of ϳ730 K. Amongst the other potential half-metallic systems, the manganese perovskites have exhibited a number of phase transitions well below the ferromagnetic T c . 32, 33 The presence of these phase transitions ͑affecting the moment in the case of NiMnSb͒ makes clear that finite temperature calculations and measurements that probe the polarization of Fermi level crossings are essential to establish half-metallic ferromagnetism at any appreciable temperature, particularly for the surface. Neither 100% polarization at one k point nor T 3/2 temperature dependent resistance ͑sometimes taken as indicative of a half-metallic ferromagnet 2 ͒ are good indicators of half-metallic character above 80 K. 
